the measurement of colloidal stability have been perThe absolute coagulation rate constants of monodisperse spherical formed almost since colloidal science exists ( 1 -4 ) . In colloids in aqueous suspension were measured at the early stage of spite of the existence of various experimental methods for the coagulation processes by using two different techniques: single the measurement of absolute aggregation rate constants, particle light scattering (SPLS) and simultaneous static and dy-commonly accepted, reliable methods for routine meanamic light scattering (SLS / DLS). Single particle light scattering surements of this kind are lacking.
INTRODUCTION
ments of absolute coagulation rate constants are of vital interest in fundamental colloidal science and the use of difThe understanding of coagulation properties of colloi-ferent experimental techniques becomes a key aspect for a dal systems is necessary for many applications in material, reliable determination of coagulation rate constants. environmental and biochemical sciences. In addition, pre-
The different techniques for the measurements of absolute cise control of suspension stability is vitally important for rate constants can be divided in two groups: single and multia variety of industrial and technological processes. Thus, particle detection techniques. Single particle detection techit is not surprising that coagulation rate experiments for niques are able to resolve individual particle aggregates (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) , while multiparticle detection techniques measure average properties of many particles in an aggregating suspen-light scattering as an example of a multiparticle detection disturb the aggregating system. No handling of the sample or cluster separation, which could alter the cluster size distritechnique.
Single particle light scattering (SPLS) determines the bution of an aggregating sample, is needed. This also makes the multiparticle technique appropriate for weak aggregates cluster-size distribution by counting the number of different clusters during the coagulation process (10, (12) (13) (14) (15) (16) (17) . There-or reversible aggregation. Due to the averaging over many particles in one measurement, multiparticle experiments furfore, this technique can be used to test the kinetic growth model used to obtain the coagulation rate constants (12, ther provide good statistics at short measuring times. On the other hand, static and dynamic light scattering does not allow 14). In the currently used instrument (15, 16), the particle aggregates are hydrodynamically separated and forced to the discrimination of individual aggregates as does SPLS, because it offers measurements of the first few moments of cross, one by one, through a focused laser beam where they scatter light pulses which are detected by a photomultiplier the cluster size distribution only.
A comparison of experimental data obtained by either one tube. The aggregates are then counted and classified according to the scattered light intensity. Since the scattered of these techniques thus becomes necessary in order to justify the assumptions made in each case. Furthermore, it belight intensity at low angle is monotonically related to the particle size, a detailed cluster-size distribution can be ob-comes possible to judge the quality of the results. tained. The experimental data can then be fitted directly to a kinetic growth model which allows the coagulation rate
THEORY
constants to be measured and the employed model to be verified. Instruments of this type usually allow to register Kinetics of Coagulation particles from about 250 nm up to 1 mm in radius. However, for a correct interpretation of the experimental data it has to
The time evolution of the cluster-size distribution for colbe ensured that the forces involved in particle separation do loidal particles is usually described by the Smoluchowski not modify the size distribution by cluster break-up.
equation (2) (3) (4) 29) , As a multiparticle technique, we used simultaneous static and dynamic light scattering ( SLS / DLS ) ( 27, 28 ) . In this technique, an average cluster size is determined as
a function of time by the light scattered from an aggregating sample. The use of a multiangle instrument with single and few mode optical fibers in the detection unit allows where N n (t) is the time-dependent number concentration of for simultaneous static and dynamic light-scattering mea-n-fold clusters, t is the time, and k ij are the elements of the surements at different angles. This technique thus pro-rate kernel which control the rate of coagulation between vides a direct test of the noninvasive static and dynamic an i-fold and an j-fold cluster (29). In the Smoluchowski light-scattering methods ( 18 -23, 25 -27 ) , which are par-approximation, the coagulation is entirely controlled by ticularly appropriate for routine stability plot measure-Brownian diffusion and the coagulation rate constant for ments due to the short recording time.
dimer formation of an initially monodisperse suspension is Furthermore, the combination of static and dynamic light then given by (29) scattering techniques permits the determination of absolute coagulation rates without the explicit use of specific assumptions or models for light-scattering form factors and the di-
mer hydrodynamic radius. This independence of any lightscattering theories can be used to overcome the main limitation of these techniques, since they are applicable to very where k B is the Boltzmann constant, T is the temperature, small particles. This limitation arises since the determination and h is the viscosity of the medium (29). By assuming a of the absolute rate constant requires the knowledge of the constant kernel, i.e., k ij Å k 11 , the Smoluchowski equations dimer form factor which normally are available within the (cf. Eq. 1) can be solved exactly, resulting in the expression Rayleigh-Gans-Debye approximation only. The extension (2-4, 12, 29) of this method to larger particles facilitates the comparison of absolute rate constants from light-scattering measurements with the results of other techniques such as SPLS,
which is more suitable for larger particles. Additionally, SLS / DLS enables us to determine light-scattering form factors and hydrodynamic radii of dimers experimentally.
where N 0 is the initial particle concentration. For n Å 1, the following linear function in time for the inverse square root Because of their in-situ character, multiparticle light-scattering techniques, in general, are less invasive and do not of the monomer concentration N 1 is obtained
where a is the radius of the primary particle. Therefore, a graphical representation of the inverse square
In the dynamic light scattering experiment, from the first root of monomer concentration N 1 versus time should give cumulant of the intenstity autocorrelation function one oba straight line and the coagulation rate constant can be meatains the average diffusion coefficient given by (31) sured from the slope of this function once the initial particle concentration N 0 is known. From the constant kernel solution of the Smoluchowski equation (Eq. [3] ), is it useful to
[11] introduce a coagulation half-time where the total number concentration is reduced by a factor of 2, which is inversely proportional to the apparent hydrodynamic radius r h by virtue of the Stokes-Einstein relation.
The initial rate of change of the hydrodynamic radius r h at early stages again follows by inserting Eqs. [6] and [7] into Eq. [11] and expanding for short times, This coagulation half-time represents a useful time scale for the identification of the early stages in the coagulation 1
process.
For an arbitrary kernel k ij , Eq.
[1] can be solved for short times as a power series in time and leads to simple expres-where r h,1 and r h,2 are the hydrodynamic radii of monomers sions for the monomer and dimer concentrations (12) , and dimers, respectively. The factor (1 0 r h1 /r h2 ) entering Eq. [12] reflects the fact that the increase of the hydrody-
[6] namic radius at the early stages of coagulation is determined by the difference between the hydrodynamic radii of the [7] monomer and the dimer. The combination of Eq. [9] for static light scattering with while the corresponding expressions for higher aggregates Eq. [12] for dynamic light scattering now leads to an expresgrow faster than linearly for short times. Note that the above sion which is independent of the optical properties of the expression is also consistent with the Smoluchowski result monomers and dimers: given in Eq. [3] .
Light-Scattering Theory
The scattered light intensity from a dilute suspension of coagulating particles can be described by the expression [8] By plotting the initial slope of the light-scattering intensity versus the initial slope of the hydrodynamic radius, the coagwhere I n (q) is the average light-scattering intensity from an ulation rate constant is obtained from the intercept of a fitted aggregate containing n monomers. This quantity depends on straight line and the dimer hydrodynamic radius calculated the magnitude of the scattering vector q. Using the approxifrom its slope. Using this combined technique, neither any mation obtained for the time evolution of monomers and a priori knowledge of the light scattering power nor the dimers at short times (Eqs. [6] and [7] ), one obtains a hydrodynamic properties of the dimers is required for delinear relationship between the initial slope of the scattered termining the coagulation rate constants. Thus, the combinalight intensity and the coagulation rate constant, tion of simultaneously performed static and dynamic light scattering measurements allows the absolute coagulation rate constant to be determined unequivocally. 1
MATERIAL AND METHODS
Within the Rayleigh-Gans-Debye approximation, where Materials the field inside the particle is approximated by the incident field, the optical factor I 2 (q)/[2I 1 (q)] for a dimer consisting Two kinds of polystyrene microspheres were used for our experiments. The larger particles, with a diameter of 683 of two spherical monomers is given by (20, 30) nm, were purchased from Interfacial Dynamics Corporation Prior to the experiments, the samples were diluted to twice the desired particle concentration and sonicated for 10 min (IDC), Portland (USA). The particles were manufactured without the use of any surfactants and charge stabilized by in order to ensure monomeric initial conditions. Immediately afterwards, the coagulation process was started by mixing sulfate groups. The coefficient of size variation is 1.8% as measured by electron microscopy by the manufacturer.
equal volumes of sample and electrolyte concentration with a Y-shaped mixing cell. The initial particle concentration The smaller particles were prepared at Granada University according to a standard emulsifier-free polymerization was set to 5.0 1 10 13 m 03 in order to guarantee detection of individual particle aggregates. The electrolyte concentration method using potassium persulfate (K 2 S 2 O 8 ) as initiator (32) . The obtained raw latex was cleaned by serum replace-was 1 M KCl and the temperature was stabilized at (21 { 1)ЊC. Pure water was obtained by standard inverse osmosis. ment and ion exchange over a mixed bed. Transmission electron microscopy was employed to determine the particle The fraction of particles associated to doublets was estimated by SPLS and was about 2% for the 580 nm latex and below diameter and its coefficient of variation, which were found to be 580 nm and 4.7%, respectively. 0.3% for the 683 nm latex in the initial suspension.
Simultaneous Static and Dynamic Light-Scattering Single Particle Light-Scattering Experiments
Experiments The single particle light-scattering instrument used for this study is described in Ref. (16) . It consists basically of five
The simultaneous static and dynamic light-scattering experiments were performed on a multiangle fiber-optics-based different parts: light source, entrance optics, hydrodynamic focusing cell, detection optics, and data acquisition system. setup, which is described elsewhere (28) . Using single-and few-mode fibers the scattered light is simultaneously colThe light source is a 10 mW HeNe laser operating at a wavelength of 632.8 nm. A system of cylindrical lenses lected with photomultiplier tubes at nine fixed angles. Two ALV-5000 correlator boards, which can record two indepencreates an elliptically shaped focus which avoids spatial variation of the incident light intensity and ensures homogeneous dent correlation functions with 128 channels each, were used for simultaneous dynamic light-scattering measurement at illumination of the colloidal particles. A small amount of the aggregating colloid is extracted from the reaction vessel four angles. An argon ion laser at a wavelength of 488 nm was employed as the light source. and injected into the hydrodynamic focusing cell. Hydrodynamic focusing separates the particle aggregates and forces
The photomultiplier signals are selected by a computercontrolled multiplexer before being sent to the correlators them one by one to cross the laser focus, where they scatter individual light pulses. The intensity of the scattered light in order to vary the angles at which the dynamic measurements are performed. This makes it possible to alternate is detected at a small angle (about 3Њ with respect to the incident beam). A photomultiplier tube converts the signal between different groups of angles during a time-resolved coagulation measurement and thus to obtain a quasi-continuinto voltage, which is then fed into an analog-to-digital converter board. The pulses are detected and classified on-line ous series of dynamic light-scattering experiments at eight scattering angles. according to their area (which is proportional to the intensity of the scattered light) by a computer. The obtained histoAnother feature of this setup is the possibility of changing the values of the nine fixed angles by changing the angle of grams, which correspond to the aggregate size distribution, are recorded as a function of time. The instrument is capable the incident beam relative to the optical axis by means of a convex lens and a mirror on a linear stage (for details see of clearly distinguishing up to heptamers. More details of the experimental technique are given elsewhere (15, 16).
Ref. (28)). Therefore, the form factor of the particle dimers measured at a early stage of coagulation can be obtained with In order to ensure detection of individual particle aggregates, this technique is restricted to very low particle con-a complete angular scan from one time-resolved coagulation experiment. centrations. Therefore, dilution of the aggregating sample is usually performed just before the measurements. DiluIn order to avoid contamination with organic materials, which might disturb the coagulation process, the glass contion, however, not only involves additional handling of the samples but also introduces shear stress on the aggregates. tainers were cleaned with chromium sulfuric acid solution.
The water was obtained from a Nanopure as well as from a Furthermore, it changes the conditions of the coagulation process. In our experimental setup, this problem was over-Millipore ion exchange apparatus. The measurements were started by adding the latex particle suspension to an electrocome by working directly with the diluted suspensions. This decelerates the coagulation process and allows to lyte solution in the light scattering cell to obtain 2.0 cm 3 of suspension at the desired initial particle concentration. For extract samples directly from the reaction vessel and inject them into the instrument. Furthermore, it offers the possi-all measurements, 1 M KCl was used as electrolyte. The temperature was stabilized at (25.0 { 0.2)ЊC. bility to work at particle concentrations very similar to those used for SLS / DLS.
The initial latex concentration in the cell was in the range such a plot obtained for the 683-nm particles at 1 M KCl. One indeed finds a linear relationship which verifies the Smoluchowski model. The same behavior was also observed for the 580-nm particles. The rate constants k 11 were calculated from the slope of the fitted line shown in Fig. 1 Using the coagulation rate constant from the fit of the monomer concentration, the constant kernel model is able to predict the time evolution of the larger aggregates at the . [3] ). These predictions dilute to avoid multiple scattering. The resulting half-times were calculated using the fitted value for k 11 and the corre-T 1/2 of about 4500 and 7200 s, respectively, are high enough sponding initial particle concentration N 0 . The agreement to ensure that the measurements were performed at the early between the data and the theoretical curves is satisfactory. stage of the coagulation process. The autocorrelation funcNote that no parameters were adjusted for the theoretical tions of the dynamic light-scattering experiment were repredictions of the larger aggregates. Therefore, the single corded for 10 s and fitted with a nonlinear least-squares fit particle light-scattering experiment confirms that the conusing a cumulant method. Linear regression was employed stant kernel solution represents a good approximation in the to obtain the initial slope of the scattered light intensity as early stages of the coagulation process. well as the hydrodynamic radius as a function of coagulation time, whereby the linear regime typically did persist for 300-2000 s. For the dynamic experiments the linear regime did prevail longer than for the static ones (27). The initial hydrodynamic radii were within 2-5% of the average radii estimated from TEM. From this correspondence we conclude that the fraction of particle dimers in the SLS / DLS experiment is small and roughly comparable with the findings made by SPLS.
RESULTS AND DISCUSSION

Single Particle Light-Scattering Method
In the 1 M KCl electrolyte solution, which can be expected to be above the critical coagulation concentration, the aggregation process will be diffusion-limited. Therefore, the constant kernel solution of the Smoluchowski coagulation equa- tration N 1 will be a linear function of time. Figure 1 
for the measured low value, good agreement with the theoretical value was observed for smaller particles (õ500 nm) using the same method (27).
A trustworthy determination of the intercept requires reliable measurements and a careful evaluation of the static and dynamic light scattering measurements. In order to check whether the fitting procedure for all angles was done consistently, we plotted the optical factor obtained from the static (Eq. [9] ) as well as from the dynamic measurements (Eq. [12] ) as a function of scattering angle. For that purpose, we divided the fitted slope of each data set of a coagulation measurement performed on the multiangle setup by the particle concentration, by the estimated coagulation rate, and, in the case of the dynamic measurements, by (1 0 r h,1 /r h,2 ) , where the hydrodynamic radius was obtained from the slope of the linear fit in Fig. 3 . Adding one to the static optical factor and plotting both as a function of the angle, the data points of all static and dynamic measurements should fall together and follow one curve (Fig. 4) . The observed agreement then unequivocally demonstrates that all linear fits from each data set describe the optical q-dependent properties of the dimers well. Provided the polydispersity of the primary particles is not too large, as is the case for our latices, the form factor of a dimer can be estimated from this optical the aggregates (Eq. [10] , solid line in Fig. 4) . The deviations between the solid lines and the experimental data reflect the fact that the Rayleigh-Gans-Debye approximation is not Multiparticle Light-Scattering Method applicable to large primary particles, such as the 580-nm and 683-nm latices used here. Detailed discussion of these To evaluate the multiangle light scattering data, the initial slope of the scattered light intensity is plotted versus the aspects should be based on more elaborate light-scattering theories, and will be presented elsewhere (34) . initial slope of the hydrodynamic radius as determined from the dynamic light scattering measurement. For both latices
Comparison of the Obtained Results this plot is shown in Fig. 3 . By fitting a straight line to the data and dividing the intercept of the fitted curve by the The rate constants measured by single and multiparticle initial particle concentration (Eq. [13] ), we determined ab-light scattering for the 580-nm and 683-nm latex particles solute coagulation rate constants of k 11 Å (6.9 { 0.3) 1 are summarized in Table 1 . As one can see, the measured 10 018 m 3 s 01 for the system of 580-nm particles and k 11 Å rate constants agree quite well. Therefore, we conclude that (6.1 { 0.5) 1 10 018 m 3 s 01 for the 683-nm ones (Table 1) . the interpretation of the experimental data was done correctly The error is the standard deviation obtained from the linear for either technique. fit in Fig. 3 . The extrapolation to the zero intercept represents the main source of error, due to the relatively small range of 3). This value differs from the theoretical prediction of r h,2 / of counterion (27), additional short-range forces represent the most likely explanation for the remaining discrepancies.
CONCLUSION
This comparative study of the coagulation kinetics for two types of latex particles shows that single and multiparticle light-scattering techniques lead to very similar results for the absolute coagulation rate constants. Single particle light scattering (SPLS) with hydrodynamic focusing was employed to measure aggregate concentrations up to heptamers, and a novel simultaneous static and dynamic light scattering method (SLS / DLS) was used as a multiparticle detection technique. The two techniques employed are based on two entirely different measurement principles and thus the mutual agreement of the experimental results represents a strong indication of proper data interpretation in either case.
Due to the in-situ character of the multiparticle light scattering technique, the good agreement between the absolute rate constants obtained by both techniques indicates that no alteration of the cluster size distribution during early stages of the coagulation process is caused by the hydrodynamic shear forces involved in SPLS. Consequently, the measured size distributions are likely to reflect the state of coagulation correctly.
On the other hand, based on the single light-scattering technique, we have been able to show that the simple Smolu- signal over short times.
Therefore, the single and multiparticle light-scattering The values of the aggregation rate constants determined techniques complement one another, and their combination in our study are close to the experimental mean value for leads to a more convincing interpretation of coagulation diffusion limited coagulation, (6 { 3) 1 10 018 m 3 s 01 , given measurements. Furthermore, the agreement of the experiby Sonntag and Strenge (3). Their value was obtained by mentally measured rate constants confirms the suitability compiling a large set of experimental measurements of ag-of either technique for reliable determination of absolute gregation rate constants. Note that our aggregation rate con-aggregation rate constants. stants, as well as the experimental mean value cited above, are substantially smaller than the theoretical von Smolu-ACKNOWLEDGMENTS chowski value (k 11 Å 1.11 1 which typically reduces the theoretically predicted rate constant by a factor of about 2, in comparison to the von Smolu-
